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Recent researches "by Withrow and Boyd (reference 1) 
and "by Schnauf f er (reference 2) , each, using a different 
technique, have shown that the phenomenon of knocking is 
accompanied by an apparently simultaneous reaction of the 
last part of the charge to burn. Whether the reaction 
of this part of the charge is actually simultaneous or 
whether the reaction zone travels with a very high veloc- 
ity, has not yet been determined. In any case, it will 
be conceded that the progress of the reaction zone is too 
rapid to be dependent upon the transfer of heat energy by 
conduction from the flame front as in normal combustion. 
In the light of these researches and others, some of which 
have been carried on in the Aeronautical Engine Laboratory 
of the Massachusetts Institute of Technology, I believe it 
is possible to postulate a very simple and reasonable the- 
ory of knocking, which fulfills all present requirements 
and which may in some degree help to remove the veil of 
mystery which has surrounded the subject. 

Ricardo's theory that knocking is auto-ignition in 
the last part of the charge to burn, was discarded because 
of the failure of the theory to explain why fuels do not 
knock in order of their ignition temperatures. This sim- 
ple theory has recently been reaffirmed by the work re- 
ferred to above, though there has been no explanation of 
the apparent contradiction. A Bimple extension of the 
theory, which will be presented, shows that no real con- 
tradiction exists. 

Experiments conducted in this laboratory have shown 
that detonation in an engine becomes more severe as the 
speed is reduced, even though the volumetric efficiency 
is kept constant, and the spark advance is set for the 
best power (with nondetonating fuel) in each case. Marvin 
and Best (reference 3) have shown that under the Be condi- 
tions the rate of flame travel is nearly proportional to 
the r.p.m., and the only considerable change in the cycle 
is in the time of burning. It is well- known that an en- 
gine equipped with two diametrically opposite spark plugs 
will , detonate more when one plug is not operating, even 
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though, the maximum pressure, asd t empera.ture are lower. 
The effect of turbulence in accelerating the flame travel 
and suppressing detonation is also common knowledge. 
These facts lead to the- inescapable conclusion that, in 
the detonation process, the re must "b e a time effect . The 
very beautiful experiments of Tizard and Pye (reference 4) 
on the auto-ignition temperature of fuels heated by com-* 
pression give us a valuable clue. Tizard and Pye showed 
that after a 'certain condition- of temperature and pressure 
is reached in their machine there, is a considerable time 
lag before ignition takes' place. They show that this. lag 
exists, even though gaseous- fuels .are used. The pressure 
records from Tizard and Pye.'s experiments show that during 
this t-ime lag there is a failing pressure in the chamber, 
indicating a certain amount of cooling., due to the .cylin- 
der walls.. The fact that the mixture fires after this 
.•cooling has taken place, they attribute to the presenoo 
of a temperature gradient from the center, of the chamber, 
tp the wall, and the statement has been made that the tem- 
perature of the center portion of the charge must progres- 
sively increase before ignition takes place. This seems 
an unnecessary and perhaps illogical conclusion. The 
presence of, a time lag may equally well indicate that ig- 
nition -will not take place unless the. temperature is 
raised- to a certain point and kept there for a definite 
length of time, _ Ignition would probably, take place at a 
lower temperature if cooling were not a factor. The ex- 
periments of Tizard and Pye show that, .the time lag decreas- 
es with increasing temperature of compression which, of 
course, is exactly what might be expected* . Time lagB as 
long as 3/4 of a second were recorded.. This may be com- 
pared with the time of • c ombust ion at 1 ,.0Q0 r.p.aw, nor- 
mally, less than 0.01 second, a large part of. which is ,.in 
the early stages when the temperature and pressure are 
low. While some of the results of Tizard and Pye were 
later shown to be inaccurate, qualitatively the work is 
still valid. 

The mechanism of the time lag need not concern us 
here. It is a question for the physical chemist rather 
than for the engineer. Suffice it to say that there ap- 
pears to be good evidence that such a lag exists. Assum- 
ing a compression exponent, of n = 1.3. .(this being approx- 
imately, correct for the conditions of compression (refer- 
ence 5)), a simple calculation making due allowance for 
the products of a combustion of the previous cycle for a 
compress-ion ratio of 3.75 will reveal the rather astonish- 
ing fact that the self-ignition temperature of normal hap- 
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tana may easily "be reached at the temperature of compres- 
sion. (" Self- ignit ion temperature" is used throughout to 
designate the t emperatiires as determined by Penning and 
Cotton.) (Eeference 6.) It is known, however, that normal 
heptane can lie used in an engine with this compression ra- 
tio without causing knock. fty anting the presence of even 
a very short time lag, the explanation of this fact is 
very simple. Although the temperature of the last part of 
the charge to "burn is raised to the point of self- ignit ion 
at the end of the compression stroke and cons iderahly ahove 
this point "before it finally is consumed, it does not have 
sufficient time to complete the necessary physical or chem- 
ical preliminaries to self- ignition "before the flame front 
passes through it and it is completely "burned. ffe now have 
a complete picture of what happens to this "last part of 
the charge to burn." It is first compressed by the ac- 
tion of the piston, and then "by the comhined action of 
the piston and tho "burning portion of the mixture, to a 
point which may he considerably aoove its auto- ignition 
temperature. Whether or not it knockB, depends upon two 
characteristics of the fuel: l) the auto-ignition temper- 
ature; 2) the time lag characteristics of the fuel. If 
it is kept at a sufficiently high temperature for a suffi- 
cient length of time, it will knock. If not, the flame 
front will pass through it and it will participate in the 
normal comhustion. While all fuels show a decreasing 
time lag with increasing temperature, the she.pe of the 
temperature time-lag curve may vary conBiderahly. 

The mechanism of normal comhustion is very different 
from that of auto— ignit ion. Auto— ignit ion lag is not nec- 
essarily an important factor in the normal process of com- 
hustion. Auto- ignit ion lag should not he confused with 
the period "between the spark and the perceptible pressure 
rise. 

The effect of knock will depend on two factors: 
l) the rate of pressure rise during knocking; 2) the mag- 
nitude of this pressure rise. The first factor is deter- 
mined by the reaction rate of the portion of the charge 
which reacts simultaneously, and the second factor is de- 
termined by the magnitude of this portion. Kote that, 
while the rate of pressure rise during ?.cnocking is deter- 
mined "by the reaction rate, the rate of pressure rise dur- 
ing normal comhustion is largely a function'of the flame 
speed and only secondarily dependent upon the rate of 
chemical comhination in the reaction zone. The rate of 
pressure rise in the simultaneously reacting portion of 
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the charge determines whether or not appreciable pressure, 
waves will "be formed inside the cylinder. Some experi- 
menters clearly state that there are no pressure waves of 
appreciable magnitude within the cylinder. The presence 
of sound waves outside the cylinder and of vibrations of 
the cylinder, head itself lead others to believe that it 
would be strange indeed if there were no pressure waves 
inside the cylinder. Within the author's knowledge, no 
satisfactory measurement of pressure waves has been made, 
but each and every piece of apparatus that has been UBed 
in the laboratory at the Massachusetts Institute of Tech- 
nology hag indicated their presence during knocking. This 
includes many forms of instantaneous cylinder-pressure in- 
dicators and some instruments especially designed for the 
study of knocking. It is obvious that, if pressure iB 
generated with extreme rapidity in one side of the cylin- 
der, the conditions are favorable for setting up a pres- 
sure vave. The existence of waves, however, is not impor- 
tant to the main thesis of this article. 

There are two factors in the "severity" of knock, 
namely, the rate and the magnitude of the pressure rise. 
Any effects due to waves will depend on these factors. 
We are ■ attempting to measure both of these with a single 
numerical unit' when we use the Midgely bouncing pin, the 
temperature plug, or the audibility method of determining 
knock. It is obvious that no one numerical unit can ex- 
press both these factors and that different methods of 
measuring knock may give different results, in that one 
may depend more on the rate of pressure rise while the 
other depends more on the magnitude of pressure rise. By 
way of illustration, it has been found in this laboratory 
that, when running an engine with an advanced spark, the 
knock noted by ear may be extremely severe, but when the 
spark is retarded and the compression ratio raised to give 
the same reading of the Midgely bouncing pin, the audible 
knock will be considerably reduced, or even scarcely no- 
ticeable. It may be that for all practical purposes we 
may use some such instrument as the Mjdgely bouncing pin 
and neglect what it is actually attempting to measure. 
It is my belief, however, that there is a very real need 
for a better instrument. In designing such an instrument, 
it shotild be borne in mind that our. primary interest in 
the knock rating of fuels, for automotive use is the objec- 
tionable noise, while for aircraft use, our primary inter- 
est is the destructive effect of knock. Therefore, an in- 
strument which is suitable for use in testing automobile 
fuels, may. .be of little value for use with aircraft fuels. 
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If tlte foregoing theory is correct, it is possible 
to have two fuels of different auto-ignition t oiaperatures , 
•which will still have similar knocking characteristics 
under ce rtain con d itions . One fuel with a relatively low 
auto- ignition temperature and a long ignition lag, may 
"burn the same weight of charge simultaneously as a fuel 
with a much higher auto-ignition temperature hut a shorter 
ignition lag. This will occur only \mder certain operat- 
ing conditions. 2*or instance, an increase in speed will 
cause "both fuels to auto-ignite a smaller weight of charge 
hut the difference will "be greater in the case of the fuel 
with the long lag. Other operating factors will change 
the relative amounts of auto-igniting charge, hut chang- 
ing other variables may change the time of combustion as 
well as the temperatures in the cycle, thus rendering it 
difficult to predict how the relative knocking of two fu- 
els will be affected. If a fuel is knock-rated at some 
set of conditions, say 212°]?. Jacket temperature, 600 
r.p.m., VO 0 ! 1 . intake air, and then at some other set of 
conditions, say 212°F. jacket temperature, 1,200 r.p.m,, 
70 ]?. intake air, let us define the difference in octane 
ratings under the two conditions as the "depreciation" 
of the fuel. From data obtained on six different fuels, 
including a straight-run gasoline, three gasolines cracked 
by different processes, a benzol blend, and an ethyl gas- 
oline, it has been observed in this laboratory that rais- 
ing the speed and increasing the temperature of the charge 
either by heating the intake air or by increasing the jack- 
et temperature "depreciates" fuels in proportional amounts 
except in the case of the ethyl gasoline, which will be 
considered later. 

Due to the high cost of octane, secondary reference 
fuels are used in knock-rating. These fuels were chosen 
because they show no depreciation with either temperature 
or speed; in other words, they have the same knocking 
characteristics as octane and heptane. Figure 1 is a . 
graph of the depreciation with increasing jacket tempera- 
ture against the depreciation with increasing engine speed 
the depreciation in this case being expressed in terms of 
the secondary reference fuels, C-6 and A-2. Since the 
secondary reference fuels show no depreciation, it is per- 
missible to add an octane scale at the side of the graph. 
The remarkable thing about this graph is the definite re- 
lation between depreciation by two entirely unrelated va- 
riables. This tends to confirm our theory that there are 
two important variables and two onl y in the characteris- 
tics of the fuels studied (with the exception of lead 
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"blends) which determine its knocking tendency. 

■Granting the hypothesis that the ignition teinp.erature 
and the ignition lag are the two characteristics of. the 
fuel which are important in knocking, the depreciation of 
a fuel with increasing engine speed can be explained. If 
a fuel has a high ignition temperature and a short igni- 
tion lag compared to-an octane-heptane mixture which it 
matches in knocking at low speed, it is easy to see that 
its knocking will he less affected hy speed changes 
(changes in the. rate of combustion (reference 3)) than 
the knocking of the reference fuel, and that consequently 
it. will depreciate with the speed. The effect of chargo 
temperature is much more difficult to see , "because rais- 
ing the chargo temperature increases, the flame speed and 
changes the available time as well as raising the temper- 
ature just "before ignition. Haising the temperature of 
the charge will cause all fuels to knock more readily, hut 
the anti-knock value of fuels which have a long ignition 
lag will he favored "by the greater flame speed. HMje "be- 
havior of a fuel with tetraethyl lead is complicated by 
the known fact that it is the decomposition products of 
tetraethyl lead which produce the anti-knock effect. The 
extent to which these products are present is possibly 
affected by the temperature of the charge, which may ac- 
count for the. observed fact that the speed depreciation 
and the temperature depreciations of a leaded fuel do not 
bear the same relation as with other fuels. (]?ig. 2.) 

Further evidence that knocking is compression igni- 
tion is offered in the report of A. W. Pope, Jr., and J. 
A. Murdock (reference 7) in the form of a curve of com- 
pression ratio for auto-ignition (C.P.H. engine) which is 
reproduced here. Note the anomolous behavior of fuels 
with tetraethyl lead. Under the conditions of this test, 
as in knocking, ignition lag is an important factor. 
This accounts for the accuracy with which the points fali 
on the curve. 

It is realized that the foregoing conclusions are 
based on incomplete evidence, and the author would welcome 
criticism and discussion from others who have experimented 
in this -field. 

Massachusetts Institute of Technology, 

Cambridge, Mass., February 4, 1933. 
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-20 -16 -12 -8 -4 0 4 
Depreciation due to increase of Jacket 
temperature from 212°3T. to 340°F. - 
per cent of C— 5 in JL-2. 

Points 1,4,3 cracked gasolines. 
Point 2 reference fuel B-2 
Point 7 reference fuel B-2 + "benzol- 
Point 8 reference fuel B-2 + tetra- 
ethyl lead. 

Figure 1 Depreciation in knock-rating due to 

increase in speed against depreciation 
in knock-rating due to decrease in 
j acke t t cnxeratur e . 
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Compression ratio for autoignition 
of fuel. 

Points 3,4 > 5 and 6 represent the same 
gasolines as point 1, with, various 
additions of tetraethyl lead. Points 
7,8,10 and 12 refer to the same, "blend- 
ed with "benzol. A and B are reference 
fuels, and other points are for various 
gasolines. 



Figure 2. Compression ratios required for auto- 
ignition of gasolines of various octane 

ratings. 



